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phantom, both parallel and perpendicular to the magnetic 
field, and in water (waterproof chambers only). The 
influence of the distribution of air around the chambers in 
the SW phantom was measured by displacing the chamber in 
the insert using a paper shim, approximately 1 mm thick, 
positioned in different orientations between the chamber 
casing and the insert. 
 
Results: The responses of the three waterproof chambers 
measured on the MR-linac increased by 0.6% to 1.3% when 
the air volume in the insert was filled with water. The 
responses of the chambers on the Agility linac changed by 
less than 0.3%. The angular dependence ranged from 0.9% to 
2.2% in solid water on the MR-linac, but was less than 0.5% in 
water on the MR-linac and less than 0.3% in SW on the Agility 
linac. An example of the angular dependence of a chamber is 
shown in Figure 1.  
 
 
 
Changing the distribution of air around the chamber induced 
changes of the chamber response in a magnetic field of up to 
1.1%, but the change in chamber response on the Agility was 
less than 0.3%. 
 
Conclusion: The interaction between the magnetic field and 
secondary electrons in the air volume around the chamber 
reduces the charge collected by between 0.6 and 1.3%. The 
large angular dependence of ion chambers measured in SW in 
a magnetic field appears to arise from a change of air 
distribution as the chamber is moved within the insert, rather 
than an intrinsic isotropy of the chamber sensitivity to 
radiation. It is therefore recommended that reference 
dosimetry measurements on the MR-linac be performed only 
in water, rather than in SW phantoms. 
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Purpose or Objective: To quantify the effect of small air 
gaps at known positions on ionisation chamber (IC) 
measurements in the presence of a strong magnetic (B-)field, 
and to characterise the response of ICs over a range of B-
field strengths in the absence of air gaps. 
 
Material and Methods: The ratio of responses of four 
commercially available ICs was measured in a Co-60 beam 
with and without a 1.5T B-field (M1.5T/M0T) using a GMW 
electromagnet unit and a 5cm pole gap. Measurements were 
made in custom-built Perspex phantoms with the chamber, 
beam and B-field all orthogonal. The measurements were 
repeated with the phantoms at each cardinal angle (rotated 
about the long axis of the ICs). The phantoms were designed 
to be symmetric under rotation about this axis except for a 
shallow 90° section next to the sensitive volume of the ICs. 
The measurements were repeated with the air gap removed 
by introducing water to the phantom cavity. For the PTW 
30013 chamber further measurements were performed after 
introducing a small (approximately 30 mm3) bubble into the 
recess when the cavity was otherwise filled with water, 
which was made possible by the novel phantom design. The 
measurements in water were repeated with additional build-
up material and in multiple phantoms at a single phantom 
orientation. 
Measurements were also taken to characterise the ratio of 
responses for five ICs over a range of B-field strengths (0 – 2T 
in 0.25T increments). 
 
Results: For all 4 ICs in the rotating setup, the response 
varied consistently with the position of the recess when the 
air gap was present, with the lowest value of M1.5T/M0T 
obtained when the recess was upstream of the IC. The 
maximum peak-to-peak (PTP) variation was 8.8%, obtained 
for the PTW 31006 ‘Pinpoint’ IC, and the minimum was 1.1%, 
obtained for the Exradin A1SL IC. This variation all but 
disappeared (maximum PTP variation 0.7%, seen for PTW 
31010 IC) when the air gap was removed. A large (3.9%) PTP 
variation was observed for the PTW 30013 when an air bubble 
was inserted into an otherwise airless setup (0.2% variation 
without air gap). 
 
 
 
Conclusion: Small air gaps are responsible for large variations 
in IC response in the presence of a magnetic field. These 
variations can be eliminated by introducing water into the 
cavity, but even small bubbles will cause large variations in 
the response. Further, IC response in the presence of a 1.5T 
B-field is insensitive to changes in depth and scatter 
conditions of the phantoms investigated here. Each IC has 
different M/M0T response across the range of B-field strength 
0 – 2T. 
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Purpose or Objective: One main source of uncertainty in 
proton therapy is the conversion of Hounsfield Unit (HU) to 
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proton stopping power ratio (SPR). In this study, we 
measured and quantified the accuracy of dual energy CT 
(DECT) SPR prediction in comparison with single energy CT 
(SECT) calibration. 
 
Material and Methods: We applied a stoichiometric 
calibration method for DECT to predict the SPR using CT 
images acquired sequentially at 80 kVp and 140 kVp. The dual 
energy index was derived based on the HUs of the paired 
spectral images and then used to calculate the effective 
atomic number, electron density, and SPR of the materials. 
The materials were irradiated with a collimated 2 mm width 
pristine pencil beam and the water equivalent thickness 
(WET) and SPRs deduced from the residual proton range 
measured using a multi-layer ion chamber (MLIC) device. 
Multiple proton energy (130 to 160 MeV) measurements were 
made on the tissues to achieve sub mm WET measurement 
accuracy. Tissue surrogates (lung, adipose, muscle and bone) 
with known chemical compositions were used for calibration 
and validated with animal tissues. The animal tissues (veal 
shanks) were kept in a frozen state during the CT scans and 
proton range measurements. The results were compared to 
traditional stoichiometric calibration with SECT at 120 kVp.  
 
Results: The percentage difference of DECT predicted SPR 
from MLIC measurements were reduced 1) from 3.9% to 0.7% 
for tissue surrogates; 2) from 1.8% to <0.1% for veal bone 
(tibia); and 3) from 1.7% to 0.9% for veal muscle compared 
with SECT calibration. The systematic uncertainties from CT 
scans were studied by varying the effective phantom size 
(<1%), surrogate locations (<1%), and repeat CT scans 
(<0.6%). The choice of the mean ionization values of the 
chemical elements resulted in a 0.2~0.9% variation in 
calculated SPRs. 
 
 
Conclusion: Our study indicated that DECT is superior to 
SECT for proton SPR prediction and has the potential to 
reduce the range uncertainty to less than 2%. DECT may 
permit the use of tighter distal and proximal range 
uncertainty margins for treatment thereby increasing the 
precision of proton therapy. 
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Purpose or Objective: To calculate the beam quality 
correction factors (kQ) in monoenergetic proton beams using 
detailed Monte Carlo simulation of ionization chambers. To 
compare the results with the kQ factors tabulated in IAEA 
TRS-398, which assume ionization chamber perturbation 
correction factors (pQ) equal to unity. 
 
Material and Methods: Two different Monte Carlo codes were 
used: (i) Gamos/Geant4 to generate a phase-space file just in 
front of the ionization chamber and (ii) PENH to simulate the 
transport of particles in the ionization chamber geometry (or 
water cavity). Seven ionization chambers (5 plane-parallel 
and 2 cylindrical) were studied, together with five proton 
beam energies (from 70 to 250 MeV). kQ calculations were 
performed using the electronic stopping powers resulting 
from the adoption of two different sets of I-values for water 
and graphite: (i) Iw = 75 eV and Ig = 78 eV, and (ii) Iw = 78 eV 
and Ig = 81 eV. 
 
Results: The kQ factors calculated using the two different 
sets of I-values were found to agree within 1.5% or better. 
The kQ factors calculated using Iw = 75 eV and Ig = 78 eV 
were found to agree within 2.3% or better with the kQ factors 
tabulated in IAEA TRS-398; and within 1% or better with 
experimental values determined with water calorimetry (see 
figure 1). The agreement with IAEA TRS-398 values was found 
to be better for plane-parallel chambers than for cylindrical. 
For cylindrical chambers, our kQ factors showed a larger 
variation with the residual range than IAEA TRS-398 values 
(see figure 1). This is, in part, due to the fact that our kQ 
factors take inherently into account the dose gradient effects 
in unmodulated proton beams. 
 
Figure 1: kQ factor of the NE 2571 cylindrical chamber, as a 
function of the residual range, (i) tabulated in IAEA TRS-398, 
(ii) calculated in this work with Monte Carlo simulation and 
(iii) determined with water calorimetry. The uncertainty bars 
correspond to one standard uncertainty in the data points. 
The dashed lines correspond to one standard uncertainty in 
the IAEA TRS-398 values. 
 
Conclusion: The results of this work seem to indicate that 
ionization chamber perturbation correction factors in 
unmodulated proton beams could be significantly different 
from unity, at least for some of the ionization chamber 
models studied here. In general, the uncertainty of Iw and Ig 
seems to have a smaller effect on kQ factors than the 
assumption of pQ equal to unity. Finally, Monte Carlo 
calculated kQ factors of plane-parallel ionization chambers 
